Arsenic concentration in toenail clippings is used as a biomarker of exposure in epidemiological studies, often under the assumption that a single measurement represents long-term exposure. For this assumption to hold, the measured arsenic concentrations must be stable over time, yet temporal variability has not been adequately assessed. This study aims to evaluate temporal variability in multiple toenail samples collected from a population exposed to drinking water arsenic levels o100 mg/l. Our objectives are to investigate factors responsible for biomarker variability and to assess the suitability of single versus multiple measurements for determining exposure in epidemiological studies. Multiple toenail and drinking water samples were collected from 254 participants enrolled in a case-control study of arsenic exposure and bladder cancer in Michigan, USA; participants also answered questions on water consumption. Toenail samples collected an average of 14 months apart were positively correlated, although a substantial amount of variability was detected (r ¼ 0.43, Po0.0001, n ¼ 236). Arsenic concentration in drinking water was stable and small changes in drinking water arsenic concentration did not explain variability in toenail arsenic concentration. Change in drinking water consumption, however, was significant in predicting differences in toenail arsenic concentration. Stronger correlations between drinking water arsenic concentration and intake and toenail arsenic concentration were observed when two toenail samples were averaged, suggesting that multiple measurements may more accurately reflect exposure. When exposure was categorized into tertiles and other pre-determined categories, 25-40% of exposures were differentially classified. Only a small percentage (o4%), however, were classified as having low exposure using a single measurement and high exposure when an average of two measurements was used. These results suggest that the use of multiple measurements is unlikely to affect exposure classification of individuals into high-or low-exposure groups; however, collection of multiple samples may be advantageous for more refined exposure classification.
Introduction
Assessment of exposure to arsenic in drinking water presents many challenges and traditionally relies on questionnaires, recall, and current environmental samples. By integrating multiple exposure routes and providing an objective quantitative measurement, the use of biological samples can become valuable adjuncts to traditional exposure assessment methods. Toenails have been used to measure arsenic exposure, as arsenic binds to the high-sulfur proteins present in nails (Hopps, 1977; NRC, 1999) . For large-scale epidemiological studies, ease of collection and the potential to integrate multiple exposures over a period of several months make this biomarker preferable to urine or blood, which only reflect exposures occurring in the most recent hours, days, or weeks (Walker and Griffin, 1998; NRC, 1999) .
Arsenic concentration in a single toenail sample has been used to retrospectively assess arsenic exposure in recent epidemiological investigations (Beane-Freeman et al., 2004; Karagas et al., 2004; Michaud et al., 2004) , because previous studies reported significant correlation between arsenic toenail measurements taken at different time intervals (Garland et al., 1993; Karagas et al., 2001) . In one study, arsenic concentrations in toenail samples collected 6 years apart from 127 women living in 11 different US states were correlated (r ¼ 0.54, Po0.003) (Garland et al., 1993) . In a subsequent study, where measurements were taken 3-5 years apart, toenail arsenic concentrations were significantly correlated (interclass correlation coefficient ¼ 0.60, 95% confidence interval ¼ 0.28-0.70) for 99 controls enrolled in a casecontrol study in New Hampshire (Karagas et al., 2001) . Despite these significant correlations, variability remains between the samples, contributing to the potential for exposure misclassification. To further assess the use of a single measurement to represent long-term exposure to arsenic, intra-individual variability using larger sample sizes and multiple samples and factors influencing temporal variability is addressed in this paper. An understanding of these issues will lend insight into how a single measurement might be integrated with other exposure data to minimize error in both retrospective and prospective exposure assessments.
Drinking water is the primary route for exposure to inorganic arsenic (NRC, 1999; Meacher et al., 2002) , and toenails have been shown to be a good bioindicator of (a) arsenic concentration in drinking water (Karagas et al., 2000; Hinwood et al., 2003) and (b) arsenic intake from drinking water (Slotnick et al., 2007) In particular, it has been shown that other routes including intake of beverages made with tap water in exposure calculations can be important in explaining toenail arsenic concentrations (Slotnick et al., 2007) . Therefore, changes in drinking water intake as well as drinking water arsenic concentration over time may influence temporal variability of arsenic in the biomarker. An understanding of how toenail arsenic concentrations fluctuate over time, and how changes in exposures can assist in explaining such temporal variability, can assist in improving validity of the biomarker (Dor et al., 1999; . Additionally, this information can aid in determining the number of samples necessary to best characterize exposure while maximizing study efficiency in large-scale epidemiological investigations.
Herein, data are presented for arsenic concentrations in multiple toenail samples collected from 254 geographically stable adults enrolled in a case-control study being conducted in Michigan. By integrating biological and environmental samples with interview data, this study aims to characterize temporal variability in toenail arsenic concentrations, and to better understand how changes in arsenic exposure reflect variability. Secondly, we investigate consistency of exposure classification associated with use of a single biomarker measurement when compared with averaging multiple measurements, a critical validation step in the application of the biomarker to epidemiological studies.
Methods

Study Population and Sample Collection
Multiple toenail samples were collected from a sub-sample of participants enrolled in an ongoing case-control study of arsenic exposure and bladder cancer in 11 counties of Southeastern Michigan. Cases, obtained from the Michigan State Cancer Registry, were bladder cancer patients aged 21-80 years at the time of diagnosis (years 2000-2003) . Controls were selected from an age-weighted list using a random-digit dialing procedure and frequency matched to cases based on age, race, and gender. Cases and controls were initially recruited between November 2003 and December 2004. Individuals were excluded from the study if they had a previous history of cancer (with the exception of non-melanoma skin cancers), if they lived outside of the 11-county study area in the 5 years before recruitment, and if they were over the age of 80. At baseline, subjects completed a telephone interview and provided drinking water and toenail samples during a home visit. To evaluate temporal variability in toenail arsenic concentrations, a sub-sample (n ¼ 330) of participants was selected for follow-up study, and visited again an average of 14 months after the initial recruitment. All participants on a private well were included in the sub-sample (n ¼ 274); for comparison, a few participants consuming city water (n ¼ 42) and bottled water (n ¼ 14) were also included. Of the 330 subjects invited to take part in the follow-up study, 76 declined to participate and/or to provide toenail samples; therefore, 254 subjects provided multiple toenail samples.
A packet containing toenail-clipping materials was mailed to participants before each home visit. Subjects were asked to clip toenails using the enclosed stainless-steel clippers and to record the date clipping occurred. Participants provided the baseline toenail sample (T baseline ), and two subsequent, consecutively clipped toenail samples: ''T a '' and ''T b ''. Sample T a was provided by 254 participants; of those, 237 also provided sample T b . Sample T a was obtained an average of 14 months (range: 6-21 months) after the baseline clipping. Sample T b was clipped an average of 42 days (range: 7-114 days) following T a . Samples were clipped by study participants and retrieved by interviewers during the home visit. If the toenail samples were unavailable at the time of the home visit, participants were asked to send the clippings to the research team by mail in prepaid envelopes. The timing of sample collection was designed for evaluation of both long-and short-term temporal variability.
Drinking water samples were also collected by researchers during each home visit. Samples were collected from the primary source of drinking water, as defined by participants. The tap was run for 2 min before sample collection. Water was collected directly into acid-washed 60 ml low-density polyethylene bottles. Samples were stored on ice in transit, acidified with 100 ml trace-metal grade HNO 3 (Fisher Chemical) in the laboratory, and refrigerated until analysis. To minimize contamination, non-powdered, vinyl gloves were worn to handle samples, and sample bottles were stored in plastic zippered bags, both before and after sample collection. One field blank and replicate were collected each day for quality control purposes, resulting in blanks and replicates for 15% of the drinking water samples analyzed.
Questionnaire and Interview Data
In a telephone interview completed at baseline, participants answered questions on tap water consumption at home. The questionnaire was derived from instruments implemented in similar studies of arsenic exposure and bladder cancer in the United States (Steinmaus et al., 2003; Karagas et al., 2004; Ayotte et al., 2006) . Specifically, subjects were asked about average daily consumption (8 oz. glasses/day) of plain tap water. Data were also collected on frequency of consumption (never, less than 1 time/week, 1-3 times/week, 4-6 times/ week, 1 or more times/day) of 8 oz. beverages made from tap water (e.g., iced tea or coffee) in an average month. During the follow-up visit, a subset of participants (n ¼ 158% or 62%) completed a food-frequency questionnaire (FFQ) detailing tap water consumption at home, in addition to dietary intake, over the past 2-3 days. The FFQ was administered by the research staff during the home visit. Participants reported the number of 8 oz. glasses of plain water or beverages made from tap water consumed each day. Data from these 158 participants were used to evaluate the impact of changes in drinking water consumption on biomarker variability.
Laboratory Analyses
The method used in the study has been previously described in detail (Slotnick et al., 2007) . Briefly, toenail samples were scrubbed and mechanically cleaned, followed by chemical cleaning involving alternating steps of washing with acetone and water. Cleaned samples were dried overnight at 601C, and weighed. Subsequently, samples were hot-block digested with concentrated HNO 3 and H 2 O 2 in acid-washed Teflon tubes. Toenail samples collected from multiple time points for each individual were included in different digestion and analysis batches. All samples were analyzed for total arsenic at the University of Michigan, School of Public Health by inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies Model 7500c). For quality control purposes, digestion batches included reagent blanks and certified reference materials (NIST 1577b, bovine liver and NCSZC 81002, trace elements in human hair). Samples divided in half were included in each digestion batch and analyzed as replicates. For each batch, blank values were averaged and subtracted from the result to obtain a final concentration (mg/l). All values were then converted to mg/g dry weight.
As with toenail samples, water samples collected from the same residence during different time periods were analyzed in different analytical batches using ICP-MS. The Agilent 7500c is equipped with a collision cell to minimize spectral interferences due to chlorine and argon in the plasma, and drinking water samples 450 mg/l were diluted (1:10) and rerun to verify the absence of such interferences. Calibration standards were prepared immediately before each analysis by dilution of the Agilent Multi-Element Calibration Standard in 5% trace-metal grade HNO 3 (Fisher Chemical). The calibration was validated using NIST SRM 1640 F Trace Elements in Natural Water. The method detection limit (MDL) for water was calculated as being three times the SD of the calibration standard diluted to 50 ng/l, and varied by analysis batch. The average MDL for arsenic in drinking water was calculated as 0.02 mg/l (n ¼ 17); a value of one-half the average MDL (0.01 mg/l) was assigned for water samples below detection limit. This value, and the average toenail weight (0.1234 g), were used to calculate the MDL for toenail samples. All toenail concentrations were above the MDL (0.5 ng/g).
Statistical Analysis
Descriptive statistics were calculated for toenail and drinking water arsenic concentrations, and baseline data were compared for responders and non-responders. The FFQ data were averaged over the 2 or 3 days to provide a number more representative of intake for comparison with the telephone interview data.
Histograms and normal probability plots (data not shown) revealed log-normal distributions for toenail and drinking water arsenic concentrations. Log 10 -transformation was therefore applied to these values before statistical analyses were performed.
Pearson's correlation coefficients (r) were generated on the log-transformed values for each toenail sample pair: T baseline and T a (r 1 ), T baseline and T b (r 2 ), and T a and T b (r 3 ). Differential correlations were run to evaluate the effect of exposure and disease status on temporal variability. Because T a and T b samples were highly correlated, and because r 1 and r 3 did not differ markedly, concentrations for T a and T b were averaged when assessing factors influencing temporal variability. This average concentration (T average ) was then used to compare the impact of drinking water concentration and intake changes on temporal variability of the biomarker's arsenic level.
Using the respective concentration and questionnaire data, arsenic intake from tap water consumed at home (plain drinking water and beverages made from tap water) was calculated for each participant for both the first and second visits:
I As1 ¼ As w1 Ã T 1 and;
where As w1 is the arsenic concentration in drinking water from the first visit, As w2 is the arsenic concentration in drinking water from the second visit, T 1 is the tap water consumption first visit, and T 2 is the tap water consumption second visit. Arsenic concentrations in drinking water and arsenic intake from tap water consumed at home, particularly consumption of beverages made with tap water, have been shown to be important predictors of toenail arsenic concentration (Slotnick et al., 2007) . Therefore, changes in these values may influence temporal stability of the biomarker measurement. To assess the influence of such changes on variation in toenail arsenic concentration, values from the first visit were subtracted from values from the second visit. Six new variables were created from the untransformed values: absolute value of difference in consumption of plain drinking water from the home tap (D pt ¼ |PT 2 ÀPT 1 |), absolute value of difference in consumption of beverages made with tap water at home (D bt ¼ |BT 2 ÀBT 1 |), absolute value of difference in consumption of all tap water (plain drinking water and beverages made with tap water) consumed at home (D at ¼ |T 2 ÀT 1 |), absolute value of difference in arsenic intake from all tap water consumed at home (D I ¼ |I As2 ÀI As1 |), absolute value of difference in drinking water arsenic concentrations (D w ¼ |As w2 ÀAs w1 |), and absolute value of difference in toenail arsenic concentrations (D T ¼ |T average ÀT baseline |).
Five different linear regression models were run using the new variables. Model estimates included the intake variable using the first visit data to account for inter-individual variability in intake.
Pearson's correlation coefficients were calculated to evaluate the ability of multiple versus single measurements to reflect exposure. Drinking water arsenic concentration and intake using the first visit data were correlated with T baseline , average(T a , T baseline ), and average (T a , T baseline , T b ).
To assess the consistency of exposure classification using the different biomarker measurements, tertiles, quartiles, and percentiles of arsenic concentration were created for individuals who provided all three toenail samples (n ¼ 237) using the control concentrations for (1) only the baseline toenail samples, and (2) an arithmetic mean of two toenail samples collected 14 months apart (T baseline , T a ). The tertiles were used to represent ''high'', ''medium'', and ''low'' exposure categories, whereas quartiles and percentiles were selected based on cut-off points used in previous epidemiological investigations ( Beane-Freeman et al., 2004; Karagas et al., 2004; Michaud et al., 2004) . The exposure category that each individual would fall into based on a single measurement was then compared with the exposure category that the participant would fall into based on an average of two measurements collected an average of 14 months apart.
All statistical analyses were performed using SAS s statistical software, version 8 (SAS Institute Inc., Cary, NC, USA).
Results
Average recoveries for the standard reference materials used were 102.3% (n ¼ 61) for bovine liver (NIST 1577b) and 101.9% (n ¼ 39) for trace elements in human hair (NCSZC 81002). Replicate toenail samples digested and analyzed in the same batch were in close agreement (r ¼ 0.76, P ¼ 0.004, n ¼ 12). Toenail blank samples were below detection 94% of the time; the remaining samples (n ¼ 9) averaged 0.09 mg/l, indicating that arsenic contamination of the samples in the laboratory was unlikely.
Of the 330 subjects invited to take part in the follow-up study, 76 declined to participate. Baseline characteristics of those participating (n ¼ 254) did not vary substantially from the refusals with respect to demographic and behavioral characteristics; however, participants providing samples did tend to be slightly older than those refusing (Table 1) . The average toenail arsenic concentration was 0.17 mg/g for the T baseline , and 0.16 and 0.21 mg/g for T a and T b samples, respectively (Table 2) .
Details on the drinking water results and methodologies have been reported previously . Briefly, drinking water arsenic concentration used to calculate exposure averaged 3.67 mg/l (SD ¼ 18.4) for the first water sample, and 5.75 mg/l (SD ¼ 9.37) for the second water sample and ranged from below the instrument detection level (BDL) to 99.3 mg/l. Arsenic values from samples indicated as being the primary drinking water samples were strongly correlated for the first and second visit (r ¼ 0.72, Po0.001); however, 15% of participants reported changing either drinking water source or treatment type between the first and second field visit. For those individuals reporting changes in water source or treatment types, the correlation between exposure measures decreased considerably (r ¼ 0.40, P ¼ 0.0042, n ¼ 50) . Field blanks were below the instrument detection limit (MDL) 63% of the time; field blank samples above the MDL averaged 0.03 mg/l (ranging from 0.02 to 0.11 mg/l), indicating that contamination of the samples was minimal. Diluted samples correlated highly with concentrated samples (r ¼ 0.99, Po0.0001), suggesting that spectral interferences were also minimized. A high degree of correlation between field replicates and samples (r ¼ 0.996, Po0.0001) indicates analytical high reproducibility and low measurement error.
Arsenic concentrations in toenail samples clipped consecutively (T a and T b ) were highly correlated (r ¼ 0.76). Concentrations of samples collected over a longer period of time remained strongly correlated (r ¼ 0.45), although there was a higher degree of variability between the arsenic levels (Table 3) . When partial correlations were run to control for the time interval between clippings, results did not change (results not shown). Temporal variability in the biomarker concentration did not differ by exposure status, as classified by drinking water arsenic concentration o10 or Z10 mg/l (Table 3 ). The correlations were slightly stronger for cases when compared with controls (Table 3) . Scatter plots, however, revealed that seven controls had elevated toenail arsenic concentration in the baseline sample but not in sample T a (Figure 1 ). When these individuals were removed from the analyses, there was no remaining difference in temporal variability between cases and controls.
Even though 15% of participants reported changing their drinking water source or water treatment type, differences in arsenic drinking water concentration and arsenic intake from drinking water between the first and second visit did not significantly explain the difference in toenail arsenic concentration (Table 4) . Change in consumption of beverages made with tap water (e.g., coffee, lemonade, or ice tea), however, was significant in explaining a small percentage of temporal differences in toenail arsenic concentrations (R 2 ¼ 0.06). In contrast, changes in consumption of plain tap water and combined consumption of plain tap water and beverages made with tap water were not significant in explaining the difference in toenail arsenic concentrations between the first and second visits. These results are consistent with variability in drinking water intake observed between the first and second interviews. Although reported consumption of plain drinking water was highly correlated between the two time periods, consumption of beverages made with tap water was much more variable (Table 5 ). The average of two toenail samples (T baseline , T a ) was more strongly correlated with drinking water arsenic concentration and intake than a single measurement (Table 6 ). Inclusion of three measurements did not substantially improve the correlation coefficient (Table 6 ). These results indicate that the average of two toenail measurements taken approximately a year apart may better represent exposure to arsenic from drinking water.
Results from classification into ''low'', ''medium'', and ''high'' exposure categories indicate that 77% and 79% of individuals were consistently classified as ''high'' or ''low'' exposure, respectively, regardless of the number of samples used to estimate exposure (Table 7) . Sixty-six percent of individuals were classified as falling into a ''medium'' exposure category using either the baseline measurement or the average of two toenail arsenic measurements. When quartiles were used to classify exposure, 88% of measurements were consistently classified as being low exposure, and 82% were classified as being high exposure regardless of the number of samples used (Table 8) . When the number of classifications increased and the intervals became smaller, a larger number of samples were inconsistently classified (Table 9) . 18 (29) 33 (52) 9 (14) 3 (5) 3 (0.092-0.176 mg/g) 9 (14) 9 (14) 41 (62) 7 (11) 4 (Z0.177 mg/g) 0 (0) 1 (2) 11 (17) 54 (82) Variability in toenail arsenic concentrations Slotnick et al.
Discussion
Toenail samples collected an average of 14 months apart were strongly correlated (r ¼ 0. 48, Po0.001) ( Table 3 ), indicating that a single measurement may be useful in determining past exposures to less than 100 mg/l of arsenic in drinking water. This correlation coefficient is similar to that reported previously for measurements taken 6 years apart (r ¼ 0.54) from a smaller group of women residing in a wide geographic area (Garland et al., 1993) . Because drinking water remains the primary exposure route for inorganic arsenic (NRC, 1999; Meacher et al., 2002) , these results may hold in particular for individuals who have not changed residences, water sources, or water treatment devices in the time between sample collections as these factors have been shown to affect variability in drinking water arsenic levels . Although the population in the current study is geographically stable in that no individuals changed residences between providing the T baseline and T a samples, 38 participants either reported a change in water source or treatment between the first and second home visit. When analyses were re-run omitting these individuals, however, the reported results did not change (results not shown).
Toenail arsenic concentration was slightly more variable over time for controls when compared with cases (Table 3) . However, when outlying controls ( Figure 1) were removed from the analyses, there was no remaining difference in temporal variability between cases and controls. Furthermore, the correlation between drinking water and toenail arsenic concentration did not vary by disease status (r ¼ 0.35 for cases and r ¼ 0.31 for controls), indicating that disease status does not modify the exposure-biomarker association. Demographic characteristics and baseline arsenic exposure values were similar for cases and controls (results not shown).
A high degree of correlation between the consecutively clipped samples (T a and T b ) indicates that toenails are not sensitive to short-term variation in exposures that occur in this population. This finding is in contrast to the blood or urine samples, which may reflect changes in exposure occurring over a period of hours or days (Walker and Griffin, 1998; NRC, 1999) . The degree of correlation between samples T a and T b is similar to the correlation reported for replicate samples analyzed in the laboratory. Additionally, the SD reported for the recoveries associated with the standard reference materials used ranged from 14% to 18%. Therefore, it is probable that the small variation in the toenail arsenic concentration between the consecutively clipped samples is due primarily to analytical variability, rather than variation in exposure.
Of the factors likely to explain the variability remaining between the baseline sample and the consecutively clipped samples (T average ), change in consumption of beverages made with tap water was a significant predictor of the difference in the toenail arsenic concentrations (Table 4) . Differences in drinking water arsenic concentration, consumption of plain tap water, consumption of all beverages made with tap water, and estimated drinking water intake were not significant in predicting differences in toenail arsenic concentration (Table 4) . It has previously been demonstrated that drinking water concentration and consumption of beverages made with tap water were important in explaining toenail arsenic concentration (Slotnick et al., 2007) . The ability of changes in consumption of beverages made with tap water to predict changes in toenail arsenic concentration is consistent with this result, however, the percentage of temporal variability in the biomarker explained by these changes in exposure is small (model r 2 ¼ 0.06). It is possible that this is due, in part, to a range in the time lags between collection of the interview data and collection of the toenail sample. Drinking water concentration, the primary predictor of toenail arsenic concentration in this population, is fairly stable over time in the study region ; as reported here, changes in drinking water arsenic concentration did not significantly influence variability in toenail arsenic concentration.
The temporal stability in toenail arsenic concentrations that is observed in this population may be less applicable to Table 9 . Consistency in percentile classification using single versus multiple measurements. (70) studies in which the population is more mobile, the source of drinking water changes, drinking water is not the primary source of arsenic exposure, or concentrations of arsenic in drinking water vary considerably. For example, in an area within the vicinity of a coal-burning power plant, arsenic concentration in toenails has been positively correlated with arsenic concentrations in soil and house dust (Wilhelm et al., 2005) ; therefore, other sources of exposure may contribute to variability in the biomarker in some populations. Researchers applying this biomarker to epidemiological investigations should consider geographic stability of the population, in particular, before assumptions of biomarker temporal stability are made. Stratification of analyses of disease risk by years at current residence or years on current drinking water supply may help to minimize exposure misclassification associated with use of a single biomarker measurement. The fact that toenail arsenic concentration was more strongly correlated with drinking water arsenic concentration and intake when the average of two toenail measurements was used as the dependent variable (Table 6) indicates that multiple toenail measurements collected over time may more accurately reflect arsenic exposure from drinking water. To assess implications of this finding for epidemiological studies, the ability of multiple measurements to affect exposure classification was explored. When tertile classification of the average of two measurements taken an average of 14 months apart (T baseline and T a ) was compared with the baseline measurement (T baseline ), 74% of measurements were similarly classified using both measures of exposure (Table 7) . Only a small percentage (4%) was classified as having low exposure using a single measurement and high exposure when an average of two measurements was used (Table 7) . When quartiles and percentiles were used to classify measurements, similar results were observed (Tables 8 and 9 ). The average of three measurements (T a , T b , and T baseline ) did not improve the consistency of the exposure classifications (results not shown). From these results it is apparent that the use of multiple measurements is unlikely to affect exposure classification of individuals into high-or low-exposure groups; however, collection of multiple samples may be advantageous for more refined exposure classification. Future studies in which multiple measurements taken a minimum of a year apart are collected over a longer time period would assist in verifying this finding.
There are a number of limitations in the study. Variation in exposure not captured by the data collected may also be influencing temporal variability in toenail arsenic concentrations. For example, of the 254 participants providing multiple toenail samples, eight reported spending at least 3 months at an alternate address with a drinking water source that was not analyzed for this study. However, removal of these participants from the analyses did not change the results (results not shown). It is possible that exposure to sources of arsenic other than drinking water may account for temporal variability in toenail arsenic concentration, although drinking water has been shown to be the primary exposure route for inorganic arsenic exposure for individuals in this population . Lastly, recall error in estimation of drinking water consumption by participants is possible both from the telephone interview and the FFQ; these difficulties in estimating exposure using questionnaire data emphasize the value of integrating biomarkers into exposure assessments when possible.
Overall, the results presented herein suggest that for geographically stable populations exposed to low levels of arsenic in drinking water (o100 mg/l), a single toenail measurement may be acceptable to retrospectively evaluate disease risk when individuals are classified as having high or low exposure. Collection of multiple samples, however, may be necessary for a more resolved exposure classification. In addition, changes in drinking water consumption, water source, and treatment type influence temporal stability of toenail arsenic concentrations, and stress the need for collection of multiple samples taken at longer time intervals (41 year) to improve accuracy of long-term exposure characterization.
